Purpose Weight-bearing sports might influence the alignment of the lower extremities during growth. The relationship between participation in weight-bearing sports and the alignment of the lower extremities in adolescents has not been adequately studied yet. The aim of the study was to investigate whether sports participation during growth in early adolescence is correlated with the development of genu varum. Methods The design was a correlation study in which 1008 (564 boys, 444 girls) healthy adolescents (from 12 to 19 years of age) were recruited in secondary schools. The alignment of the knee was determined by measuring the intercondylar (IC) and intermalleolar (IM) distance using a specially designed instrument and an inside calliper. The degree of sports participation of the participants was determined by a questionnaire in which they were asked how many hours a week they participated in sports and for how many years in total.
Introduction
Children with genu varum and genu valgum are regularly seen in the paediatric orthopaedic practice. For a proper approach to this issue, accurate knowledge of the normal limits of the tibiofemoral angle is needed. Multiple studies have demonstrated the evolution of the alignment of the knee in young children [1, 2] . Yet little is known about this evolution at the end of growth and about the factors contributing to this evolution.
Recent studies suggest a link between the participation in soccer and certain other impact sports on the development of genu varum. Witvrouw et al. compared the degree of varus in a group of male soccer players with a group of male nonsoccer players who were all active in other sports [3] . At the age of 16-18 years, a significantly higher degree of genu varum was observed in the soccer players compared to the non-soccer players (p = 0.028). Another study by Bellemans et al. revealed that a percentage of the normal population has constitutional varus knees. Constitutional varus was associated with increased sports activity during growth [4] .
In weight-bearing sports, the knee joint endures an excessive amount of load. The medial compartment of the knee joint has been reported to bear approximately 75% of its compressive loads in the neutrally aligned knee [5] . Yet minor alterations in knee alignment have been shown to result in abnormal load distribution across the joint. An increase of 4-6% in varus alignment has been reported to increase loading in the medial compartment by up to 20% [6] . This change towards a medial overload is an important predisposing factor for osteoarthritis [7] . Not only do people with varus alignment suffer a twofold increased risk of developing osteoarthritis [8] but the disease also progresses more rapidly in these subjects [6, 9] . Besides the development of osteoarthritis of the knee, the presence of genu varum predisposes sportsmen to injuries at the patellofemoral joint, such as patellofemoral pain syndrome [10] .
Since this concept of constitutional varus has only been introduced, there is a growing need to understand the factors that contribute to the development of genu varum [4, 11] , even more so because genu varum also leads to and accelerates the progression of osteoarthritis [6, 8] . We therefore investigated the occurrence of genu varum in young adolescents and its relationship with sports participation. Our hypothesis was that participation in weight-bearing sports during growth alters the alignment of the knee towards varum.
Material and methods

Subjects
One thousand eight young healthy children between 12 and 19 years of age were recruited for this cross-sectional correlation study. Only healthy volunteers with no orthopaedic or trauma history could participate. We excluded subjects who had been treated or seen for a musculoskeletal condition or trauma and/or had been seen by a specialist. All participants were recruited as volunteers at three different schools. All volunteers consented to participate in the study, which was approved by the ethical commission of our institution before the first inclusion.
Included were 564 male and 444 female volunteers. The volunteers were first divided into two groups by gender. Then these groups were further split into three age groups: group 1 (12-13 years of age), group 2 (14-15 years of age) and group 3 (16-18 years of age). Participant's demographic data are presented in Table 1 .
Measurement of leg alignment
All participants were weighted in kilogrammes (kg), and their height was measured in centimetres (cm). From these measurements, the body mass index (BMI) was calculated.
The alignment of the knee was determined by measuring the intercondylar (IC) and intermalleolar (IM) distance. The subject was asked to stand in an anatomic position with the hips and knees in maximal extension with the medial condyles or malleoli touching as it has been described before [1] .
To have the subjects stand in a normal relaxed position, we used a specially designed instrument, first described by Witvrouw et al. [3] . The subjects were asked to assume a relaxed standing position, with their feet at shoulder width, each foot on a different platform. They were asked to position their feet as such that the medial border of the feet was above the inner border of the platform. Then a motor was used to bring the two platforms together at a constant low speed until the medial condyles or malleoli touched [3] (Fig. 1) . The position of the patella facing forward was critically checked, as was done by authors who have studied lower leg alignment [5, 12] . This was done to control the rotational position of the lower extremity, since this might influence the outcome of the measurement [12, 13] . Eventually, the intercondylar distance (mm) in subjects with genu varum was measured with an inside calliper with the medial malleoli touching using the method described by Heath et al. [14] . The intermalleolar distance (mm) in subjects with genu valgum was measured with an inside calliper with the medial condyles touching. Intercondylar distances were expressed as positive values and intermalleolar distances were expressed as negative values. Both measurements were combined into one parameter: the IC/IM distance [2] . When a subject was positioned in a correct way, but neither the two malleoli nor the condyles touched, the bony intercondylar and intermalleolar distance was measured. When they had genu varum, half of the IM measurement was subtracted from the IC measurement. This value was then considered as the absolute IC/IM distance. When they had genu valgum, twice the IC measurement was subtracted from the IM measurement. This value was then considered as the absolute IC/IM distance. All IC/IM distances from all subjects were measured by the same examiner. The inter-tester reliability (ICC = 0.95) and the intra-tester reliability (ICC = 0.96) for the used technique of measuring IC/ IM had a high interclass correlation coefficient [3] .
Questionnaire
All participants were asked to fill in a questionnaire. They were asked about the date of birth, their sports participation, for how many years they had done so and for how many hours a week on average. They also answered the question whether they had already consulted a doctor in musculoskeletal injuries. They were not informed about the purpose of the study before the measurements were done and the questionnaire was filled in.
The degree of participation in sports
For every sport the subjects participated in, we calculated the product of the number of years and the average number of hours a week. We then added the products for all impact/ weight-bearing sports (e.g. tennis, basketball, volleyball, athletics). We defined the result as 'the cumulative sports factor' and calculated it for every participant in the study in order to describe the cumulative load of impact sports. A similar approach has been described before by Asadi et al. [15] .
Statistical analysis
Properties of the different groups are presented as mean and standard deviation. Graphs present the relation between height, IC/IM and age. Within the group of boys and the group of girls, a one-way analysis of variance was performed to analyse the differences among the three age groups separately. Post hoc tests were performed using the least significant difference test. For each age group, the differences between the data of boys and girls were analysed using analyses of variance. Spearman's rank correlation coefficients between IC/IM, cumulative sports factor and BMI were calculated. Scatter plots were used to present the IC/IM in function of the cumulative sports factor on both the male and female subjects, separately for each group.
For this statistical analysis, SPSS statistics 18 (SPSS Inc. Released 2009. PASW Statistics for Windows, Version 18.0. Chicago: SPSS Inc.) was used. Statistical significance was accepted at the level of P < 0.05.
Linear models are used for data analysis with IC/IM score as the response variable. A possible nonlinear shape of the association between two continuous measures (e.g., IC/IM score and cumulative sports factor) is explored using both quadratic effects and restricted cubic splines with 4 and 5 knots. Likelihood ratio tests are used for the comparison linear and nonlinear trends. The R 2 measure is used to compare the relative importance of different sports/cumulative sports factors in the explanation of the association between the cumulative sports factor and IC/IM. All these analyses have been performed using SAS software version 9.2 (SAS Institute Inc. 2002. SAS System for Windows, Version 9.2. Cary: SAS Institute Inc.).
Results
The general demographic statistics of the participants are represented in Table 1 . The Spearman's rank correlation coefficients between IC/IM and cumulative sport factor and between IC/IM and BMI are presented in Table 2 . There is a significant correlation between IC/IM and the cumulative sport factor. This correlation is greater for girls and increases with age. In addition, a significant correlation between IC/IM and BMI in group 3 of the boys and group 2 and 3 of the girls is found.
The height and IC/IM distance are presented in relation to age in Figs. 2 and 3. We remark an increase in IC/IM in both Figure 4 shows a boxplot of the IC/IM distance in boys and girls, and Fig. 5 shows a boxplot of the cumulative sports factor in boys and girls. One-way analysis of variance was used to determine whether IC/IM differed between the age groups in boys and girls. The analysis showed significant differences between the age groups in boys (F = 101.39, p < 0.0000001) and girls (F = 6.334, p = 0.002). Post hoc Scheffé tests showed that the differences between all age groups in boys were significant. Post hoc Scheffé tests showed that in the girls, group 1 was statistically significantly different from group 2 (p = 0.002) and group 3 (p = 0.021). Yet the difference between group 2 and group 3 was not statistically significant (p = 0.594). Analysis of variance within the age groups between boys and girls showed a statistically significant difference between boys and girls in age group 1 (F = 4.581, p = 0.033) and age group 3 (F = 50.761, p < 0.0000001). In age group 2, no significant difference between boys and girls (F = 0.030, p = 0.862) was found.
Univariate relationships were explored between patient characteristics and the cumulative sports factor with the IC/ IM. Quadratic effects of age, BMI and weight were observed. Length of a person is positively associated with IC/IM score. Further, we found higher IC/IM scores for males compared to females. Regarding impact sports, a quadratic association between cumulative sports factor and IC/IM score was found. We analysed the association between cumulative sports factor and IC/IM using a statistical model. This model includes an interaction term between sex and cumulative sports factor and corrects for age, sex and BMI. The quadratic trend observed in the univariable analysis between the cumulative sports factor and IC/IM is maintained after correction for age, sex and BMI. A significant interaction is observed between sex and cumulative sports factor: the association between cumulative sports factor and IC/IM is different for males and females. The model predicted trend by sex for age groups 1, 2 and 3 are presented in Fig. 6 .
We explored which sports in the total population accounted for the correlation between sports participation and trend towards varus alignment: Table 3 shows that (1) the selection of six sports (biggest weight-bearing sport groups) together explains almost as much of the variability as the cumulative sports factor of all sports and (2) there is not one single sport responsible for that. In Table 3b , we combined step by step the sports going from highest to lowest R 2 . This is to find out Fig. 2 Means of height in function of age for boys and girls Fig. 3 Means of IC/IM in function of age for boys and girls whether there is a combination of a few sports that explain most variability. Overall, there is no combination of a few sports that explain the largest part of the variability, each sport makes a small contribution. Furthermore, the strength of association between the six sports of interest separately and IC/IM is explored: a significant positive association between the cumulative sports factor and IC/IM is found for football, jogging and volleyball individually. For females, significant positive association is found for all six sports. A pairwise comparison between sports indicates significant difference in slope (strength of association) between football and volleyball, and basket and volleyball for males, with the strongest association between IC/IM and impact score for volleyball. For females, no significant differences are observed between the slopes for different sports (Table 4) .
Discussion
This study demonstrates the correlation between participation in weight-bearing sports and evolution of knee alignment towards varum. This correlation is determined by a combination of all weight-bearing sports in the total population, with each sport making a small contribution. The degree of association between different weight-bearing sports differs and is further explored. Furthermore, our results show that the evolution towards varum alignment takes place during the growth spurt.
Millions of children around the world are encouraged to practice sports, since it is considered to improve general health. Yet little is known about the musculoskeletal consequences caused by this sports participation. Recent studies suggest that a relation exists between sports participation in adolescents and the development of varus knee alignment at the end of growth [3, 4] . There is a great need to further explore this relation, since varus alignment predisposes to the development of osteoarthritis and accelerates the progression of the disease [6, 8] . This statement was supported by the documentation of both a higher incidence of osteoarthritis of the knee and a higher prevalence of knee varus in veteran soccer players in comparison with a random population of the same age [12] .
The degree in which the adolescents participated in weightbearing sports was described by the cumulative sports factor. Since this factor was arrived at by calculating, for each weight-bearing sport, the product of the average number of hours a week and the number of years they participated in it, and then adding all these products, it gave us a good impression of sports participation. Fig. 5 Boxplots of the cumulative sports factor in boys and girls by age groups Fig. 4 Boxplots of the IC/IM distance in boys and girls by age groups A significant correlation between the cumulative sports factor and varus alignment is seen in all the different groups (Table 2 ). This observation is in line with previous studies [3, 4] . We believe that the explanation for this correlation can be found in the Heuter-Volkmann law. It states that compression forces will halt physeal growth whilst distraction will lead to overgrowth [16] . Thus, growth changes at the tibial plateau could be the result of cumulative stress caused by weightbearing sports. Since approximately 70% of the loads go through the medial compartment of the knee [5] , a halt in growth is expected medially in subjects who participate excessively in weight-bearing sports. Evidence of the role that this mechanical overload plays in the development of genu varum and the connection with restricted physeal growth was presented in a previous study [17] . Previously, the external knee adduction moment, which correlates with increased load on the medial compartment relative to that of the lateral compartment [18] , has been correlated with the mechanical axis of young normal subjects [19] .
We saw an association between most of the six biggest sports separately and IC/IM distance: A significant positive association between the cumulative sports factor for each sport separately and IC/IM is found for football, jogging and volleyball. For females, significant positive association is found for all six sports. When evaluating differences in between those sports, only significant differences could be found between football, and volleyball and basket and volleyball for males, with the strongest association between IC/IM and impact score for volleyball. For females, no significant The R 2 indicates the percentage of the total variability that is explained by the model. This takes a value between 0 and 1, with higher values indicating stronger associations. The first model (covariates only) indicates the variance explained by age, sex and BMI. In the rest of the table, the cumulative sports factors of the different sports separately (in different forms; also the cumulative sports factor) are additionally included in the model differences are observed between the slopes for different sports. This is most likely a result of low power. Although our total sample size is rather large, the number of subjects with cumulative sports factor scores larger than zero is not that big. Most likely there is a difference between the strength of association between the different sports and varus alignment. Our study is the first to suggest that volleyball participation correlates stronger with varus alignment than football does.
When looking at the total population of our study, which is a good sample of normal population of adolescents, no combination of a few sports accounts fully for the correlation between sports participation and trend towards varus alignment (Table 3) . Each sport makes a small contribution to the correlation with varus alignment. This can be explained as our population participated in a large amount of different (weightbearing) sports, which effect all comes together when calculating the cumulative sports factor for all those sports.
The results of this study show that there is a trend towards varus alignment from the age period of 12 to 14 years (Fig. 3) as seen in a previous study [13] . It is interesting to observe that the evolution in varus corresponds with the period of the growth spurt, this in both boys and girls (Figs. 2 and 3 ). We can see that when growth slows down, the trend to genu varum takes halt too.
We found no statistically significant difference in IC/IM between age group 2 and age group 3 in girls, whilst there was between groups 2 and 3 of the boys. The largest difference in IC/IM between both sexes is seen from the age period of 16-18 years. This difference between sexes is in accordance with previous studies [2, 13] , whereas other studies state exactly the opposite [1, 20] . We believe a part of this difference can be explained by an earlier stagnation of the growth in girls compared to boys.
An alternative explanation for the correlation could be presented by considering it as a form of natural selection. It has previously been stated that soccer players with genu varum may be at an advantage when participating in soccer [21] . The player's bowlegs may increase the balance and stability during the game. This might also apply to athletes participating in other weight-bearing sports. In this way, more children with varus knees end up being athletes. Also, it has previously been stated that people with valgus knees can experience a disadvantage in sports [22] . They have an awkward gait with the knees rubbing together and the feet kept apart. They tire more easily and lag behind in physical activity. Additionally, the varus angulations in athletes can be genetically determined and might be a product of normal development rather than a result of training [12] .
The negative correlation between IC/IM and BMI, mostly significant in girls, was not expected. This has not been described in other studies where clinical measurement of the alignment was performed. This can be explained by the relatively thick thighs of the heavier children, who give an overestimation of the IM distance. The higher negative correlation in the girls group can be explained by the higher amount of IM measurements in comparison with boys group.
With the negative consequences of genu varum in mind, we must ask ourselves what efforts can be made to reduce this evolution towards varus legs. We believe a reduction can be achieved by lowering the adduction moment of the knee, since it corresponds to increased load on the medial compartment [18] . In a recent study, gait retraining was evaluated for reducing the knee adduction moment and showed a reduction of knee adduction moment of 29 to 48% [23] . Another option would be a footwear intervention, since recent studies show that a shoe sole with a more rigid lateral side or a thicker lateral side reduces the peak adduction moment during walking by up to 16% [24, 25] .
Some limitations of this study must be considered. Due to the cross-sectional design of our study, we cannot determine cause and effect relationships. As we described earlier, the relation between genu varum and high intensity of sports participation could be a form of natural selection, where athletes with varus legs have an advantage over athletes with valgus legs. This should be addressed in future prospective studies, where a large cohort of adolescents is followed through time. Another limitation is that our measurements of IC/IM using the specially designed measurement device had a negative correlation with BMI and may not be as exact as radiography. This can be explained by the effect of the thickness of the thighs, but further studies should investigate whether this is an effect of the measurement.
Conclusion
Our results show that there is a significant correlation between the alignment of the knee and participation in weight-bearing sports during adolescence. Overall, there is no combination of a few sports that explain the largest part of the correlation with varus alignment, with each sport making a small contribution. Future prospective research should address the cause/effect The slope indicates the change in IC/IM score with a one-unit increase of the cumulative sports factor relationship, the biomechanical aetiology of this phenomenon and question whether prevention is useful.
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